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We study the gravitational waves produced by the collision of the bubbles as a probe for the
cosmological first order QCD phase transition, considering heavy static quarks. Using AdS/QCD
and the correspondence between a first order Hawking-Page phase transition and confinement-
deconfinement phase transition, we find the spectrum and the strain amplitude of the gravitational
wave within the hard and soft wall models. We postulate the duration of the phase transition
corresponds to the evaporation time of the black hole in the five dimensional dual gravity space,
and thereby obtain a bound on the string length in the space and correspondingly on the duration
of the QCD phase transition. We also show that IPTA and SKA detectors will be able to detect
these gravitational waves, which can be an evidence for the first order deconfinement transition.
I. INTRODUCTION
According to the standard cosmology, during the evo-
lution of the universe, several Phase Transitions (PTs)
have occurred. One of the consequences of these out
of equilibrium events is the generation of the Gravita-
tional Waves (GWs), which open a new way to explore
the early universe, during and after PTs. However, if
the cosmological PT is not a first order type, it can-
not give rise to the GW production. For a cosmological
first order PT, there are two degenerate thermodynami-
cal states separated through a barrier. Tunneling to the
new phase is proceeded by the bubble nucleation. The
expansion of these bubbles and finally their collision with
each other result in the production of GWs [1, 2]. Fur-
thermore, other different sources including inflationary
quantum fluctuations [3], cosmic strings [4], and Black
Hole (BH) collisions [5] for radiating GWs have been
proposed. Therefore, GWs may be applied as a pow-
erful probe on astrophysical and cosmological events in
the universe.
Numerical calculation indicates QCD PT at finite tem-
perature for small and large quark masses was a first
order PT [6]. However, as lattice QCD shows, the tran-
sition is an analytic crossover for intermediate quark
masses, particularly for three physical light quarks and
small chemical potential [7].
Physical QCD has approximate chiral and Z(3) center
symmetries for very small and large quark masses, re-
spectively. Three light pions and color screening are re-
mainders of these spontaneously broken symmetries. For
intermediate masses these symmetries are explicitly bro-
ken and related order parameters are non-zero at all tem-
peratures.
The expectation value of Polyakov loop which can be
read off from the heavy quark potential is the relevant
order parameter for the confinement-deconfinement PT.
In this work, we focus on the cosmological QCD PT.
At temperatures that the deconfinement transition oc-
curred, heavy quarks lost their dynamical importance.
Thus we consider pure gauge theory with non-dynamical
heavy quarks appropriate for Z(3) symmetry broken in
the confinement-deconfinement PT with the expectation
value of Polyakov loop as the order parameter. Employ-
ing the point that the confinement-deconfinement PT is
corresponded to Hawking-Page PT [11] which is of a first
order, we explain this PT in the AdS/QCD context and
explore it through possible GWs generated during the
transition.1
After the conjecture of AdS/CFT correspondence and its
generalization to gauge/gravity, people have attempted
to get a better understanding of QCD and its prop-
erties by using the dual gravity theory in five dimen-
sions; the interpretation of the Hawking-Page PT as the
confinement-deconfinement PT [12] and the computation
of the energy loss of heavy quarks moving in the quark
gluon plasma [13] are investigations to fulfill this goal.
The precise dual gravity describing the real QCD is not
yet found. However, so-called AdS/QCD is a promising
extension which can explain important features of QCD.
The AdS/QCD top-down approach first takes into ac-
count a string theory, then deforms the dual super Yang-
Mills theory to gain QCD properties such as confinement
[14] while in the other approach, bottom-up, starting
with QCD, the dual description is constrained by QCD
ingredients. The conformal isometry of AdS space is con-
sistent with UV asymptotic freedom of QCD. In the hard
wall model of this approach [15, 16] to produce confine-
ment, the small radius region of AdS is truncated, while
for the soft wall model this truncation is smoothly per-
formed by a dilaton field [17]. In [18], the author finds
the confinement-deconfinement PT for these two models
and the PT temperature obtained in the soft wall model
is very close to the prediction of a lattice calculation.
1 different scenarios including a short inflation during the QCD
PT [8] and a model with a large neutrino chemical potential [9]
have been suggested to provide a first order QCD PT (besides,
see [10])
2Using holographic description of the hard and soft
wall models, we try to estimate GWs generated from
confinement-deconfinement PT. We relate the duration
of the PT to the evaporation time of the BH in these
AdS spaces and attain a bound on the string length. The
generated GWs are obtained for N = 3 (where N is the
number of colors); extrapolation to large N leads to the
stronger PT. Moreover, we display these GWs can be de-
tected by International Pulsar Timing Array (IPTA) [19]
and Square Kilometre Array (SKA) [20] detectors.
Section II is devoted to the first order PT parameters
characterizing the GW. In section III, we introduce the
gravity setups and calculate GWs in the hard and soft
wall models. We finally summarize the outcomes.
II. GRAVITATIONAL WAVES AND THE FIRST
ORDER COSMOLOGICAL QCD PHASE
TRANSITION
Based on Einstein’s prediction of GWs, space-time
fluctuation propagates as a wave at the speed of light
from their sources. In general relativity, these GWs can
be set by linearizing Einstein equation of motion (e.o.m).
As pointed before out, there are various sources for the
GW radiation and we study the sort of the GW gener-
ated from cosmological PTs.
If a first order PT takes place, the transition into the
true vacuum proceeds due to bubble nucleation and per-
colation. Dynamics of these bubbles plays an important
role in GW production. There are two sorts of com-
bustion modes: detonation and deflagration. When PT
wall expands faster than the speed of sound, combustion
occurs through detonation and for deflagration, bubble
front moves at the subsonic velocity.
Bubbles expand and collide with each other and part of
the stored energy in the walls is converted to GWs. From
this process, there are three sources for the GW produc-
tion: bubble collision, sound waves and Magnetohydro-
dynamic (MHD) turbulence after the bubbles collided.
The GW contribution from the bubble collision is calcu-
lated by a numerical method [1] known as envelope ap-
proximation [21] which simulates PTs with the envelope
of bubbles and expresses GW spectrum in terms of first
order PT parameters. Moreover, the GW contribution of
sound waves [22] and MHD turbulence [23], considered
as Kolmogorov-type turbulence, has been computed.
GW properties calculated by the numerical methods are
given by first order PT parameters. Important parame-
ters of a first order PT affecting GW properties are: the
ratio of the vacuum energy density to the thermal energy
density of the universe at the PT time, α, the duration
of the PT, τ−1, the velocity of bubble expansion, vb, the
temperature at which the PT occurs, T∗, and the fraction
of the vacuum energy which is converted to the kinetic
energy of the bubbles and the fluid motion rather than
reheating the fluid, κ.
The contribution of the GW energy density from the
mentioned sources is given by (we assume the so-called
runaway bubble walls with the ultra-relativistic velocity
and three GW sources) [2, 24]
h2Ω(f) = h2Ωen(f) + h
2Ωsw(f) + h
2Ωtu(f), (1)
where
h2Ωen(f) = 3.5× 10−5
( 0.11v3b
0.42 + v2b
)(H∗
τ
)2( κα
1 + α
)2
×
(10
g∗
) 1
3
Sen(f),
h2Ωsw(f) = 5.7× 10−6
(H∗
τ
)( κvα
1 + α
)2(10
g∗
) 1
3
vb Ssw(f),
h2Ωtu(f) = 7.2× 10−4
(H∗
τ
)( κtuα
1 + α
) 3
2
(10
g∗
) 1
3
vb Stu(f).
(2)
The spectral shapes of GWs are characterized by the nu-
merical fits as [2, 24]
Sen(f) =
3.8( f
fen
)2.8
1 + 2.8( f
fen
)3.8
,
Ssw(f) =
( f
fsw
)3( 7
4 + 3( f
fsw
)2
) 7
2
,
Stu(f) =
( f
ftu
)3
(1 + f
ftu
)
11
3 (1 + 8pif
h∗
)
, (3)
with
h∗ = 1.1× 10−8[Hz]
( T∗
100 MeV
)( g∗
10
) 1
6
. (4)
fen,sw,tu are the peak frequency of each GW spectrum
given by
fen = 11.3× 10−9[Hz]
(f∗
τ
)( τ
H∗
)( T∗
100 MeV
)( g∗
10
) 1
6
,
fsw = 1.3× 10−8[Hz]
( 1
vb
)( τ
H∗
)( T∗
100 MeV
)( g∗
10
) 1
6
,
ftu = 1.8× 10−8[Hz]
( 1
vb
)( τ
H∗
)( T∗
100 MeV
)( g∗
10
) 1
6
(5)
where
f∗
τ
=
0.62
1.8− 0.1vb + v2b
. (6)
κ, κv and κtu parameters are the fraction of the vacuum
energy converted to the kinetic energy of the bubbles,
bulk fluid motion and the MHD turbulence, respectively
[2, 25]:
κ = 1−α∞
α
, κv =
α∞
0.73 + 0.083
√
α∞ + α∞
, κtu = ǫκv
(7)
3where ǫ is of order 0.05−0.1 [26] and α∞ is the minimum
value of α due to which bubbles can run away
α∞ =
30
48π2
∑
aNa∆m
2
a
g∗T 2∗
. (8)
Na denotes the number of degrees of freedom for fermion
species and ∆ma is the mass difference of the particles
between two phases (for details see [25]). We assume ǫ =
0.05 and also vb = 1. The characteristic strain amplitude
produced by GW is defined as
hc(f) = 1.3× 10−18
(1Hz
f
)(
h2Ω(f)
) 1
2
. (9)
Moreover, other parameters are defined as follows
α =
ǫ∗
pi2
30
g∗T 4∗
, (10)
and the related vacuum energy at the PT is
ǫ∗ =
(
−∆F (T ) + T d∆F (T )
dT
)∣∣∣∣∣
T=T∗
. (11)
The difference between free energies of two phases is de-
noted by ∆F and the Hubble parameter at the temper-
ature T∗ is given by
H∗ =
√
8π3g∗
90
T 2
∗
mpl
, (12)
where the number of effective relativistic degrees of free-
dom at the PT is g∗ = 10 and the Planck mass is
mpl = 1.22× 1022 MeV. To calculate QCD PT parame-
ters, we use hard and soft wall models in the AdS/QCD
correspondence context.
III. GRAVITY SETUP
A. Hard Wall
According to Hawking-Page PT, there is a first or-
der PT between Schwarzschild-AdS BH and thermal AdS
spaces. In [12], Witten argued in the dual gauge theory
the Schwarzschild-AdS BH corresponds to deconfinement
at the high temperature and thermal AdS corresponds to
confining phase at the low temperature for the compact
boundary, while for the non-compact boundary there is
no PT. However, by introducing IR cut-off in Poincare´
AdS spaces, hard wall model, [18] showed that Hawking-
Page PT would be possible.
In this section we obtain necessary parameters within this
model. The five dimensional gravity action dual to gluo-
dynamics with static heavy quarks and negligible baryon
chemical potential is given by
S = − 1
16πG5
∫
d5x
√
g
(
R+ 12
R2
)
, (13)
where R is the Ricci scalar, −12/R2 is the negative cos-
mological constant, and R is the AdS radius. Two so-
lutions for the e.o.m are an Euclidean AdS in Poincare´
coordinate
ds2 =
R2
z2
(
dt2 + d~x2 + dz2
)
, (14)
where the radial coordinate is limited to 0 < z ≤ z0 and
1/z0 corresponds to IR cut-off in the dual gauge theory;
the second solution is the AdS-BH whose metric is as
follows
ds2 =
R2
z2
(
f(z)dt2 + d~x2 +
dz2
f(z)
)
, (15)
where f(z) = 1 − z4/z4h and 0 < z ≤ z¯ with z¯ =
min(z0, zh). The thermal AdS case has temperature
T = 1/β′ where β′ is the period of the Euclidean time,
while the Hawking temperature of the BH, T = 1/(πzh),
is achieved from the near horizon metric.
Since R = −20/R2 for these spaces, from (12) we can
obtain free energy densities as
FAdS ≃ 4R
3T
8πG5
∫ β′
0
dt
∫ z0
ε
dz z−5, (16)
FBH ≃ 4R
3T
8πG5
∫ pizh
0
dt
∫ z¯
ε
dz z−5, (17)
where ε is the UV cut-off. Setting the BH into the space
consistently at ε leads to β′
√
fAdS(ε) = πzh
√
fBH(ε).
In the limit of ε → 0, β′ is expressed in terms of BH
temperature. For z0 > zh, there is a PT at z
4
0 = 2z
4
h as
seen from the following equation
∆F =
R3
8πG5
( 1
z40
− 1
2z4h
)
. (18)
By relating z0 to the mass of the lightest ρ meson, one
obtains z0 = 1/(323 MeV) [16] and thus T∗ = 122 MeV
[18]. Furthermore, we can calculate the relevant latent
heat at the PT and α as
ǫ∗ =
N2π2T 4
∗
2
, α =
3N2
2
. (19)
We used G5 = 8π
3g2sα
4
s/R
5 and R4 = 4πNgsα
2
s where gs
and αs are the string coupling and tension, respectively.
To obtain ∆F and ǫ∗, we assumed the UV cut-off of two
spaces are the same and attained β′ = πzh(1−ε4/(2z4h)).
We also assume the transition temperature, T∗, is equal
to the temperature of the bubble nucleation. Moreover,
we obtain α∞, Eq. (8), so that ∆m ≈ 400 MeV, which is
the quark mass difference between the constituent (effec-
tive) quark mass [27] and quark mass in the deconfine-
ment phase, and Na = 6 for the quark particles.
As seen from Eq. (19), the larger α, the stronger the PT
becomes. Therefore, for the large N limit, it gives rise to
the very strong PT.
4Due to the existence of a PT in these truncated AdS
spaces and the notion that two phases are not stable
and always thermodynamically dominated, we assume
the duration of the PT, τ−1, can be found by the evapo-
ration time, te, of the BH in this space. To do so, first we
should calculate the BH mass. One can get the energy
density of the AdS-BH from the renormalized free energy
density [28]
E =
∂
∂β
βFBH =
3R3
16πG5z4h
. (20)
By inspiration from a dimensional reduction carried out
for 10 dimensional Newton constant to gain G5, we ex-
pect the relevant Newton constant in this non-compact
boundary, R3 × S1, to obtain the BH mass is G′5 =
8π3g2sα
4
s/(z
3
hR
2). Therefore, the BH mass can be at-
tained as
M ≃
∫ zh
0
dz z2h
3N2
8π2R3zh
≃ N
2z2h
R3
. (21)
Then, the power of losing energy [29], P = AT 4 ≃ z−2h ,
(A is the BH surface area) gives
∫ M
0
dM
R3M
N2
≃
∫ 0
te
dt. (22)
Hence, according to our assumption τ−1 = te ≃
N2/(R3T 4). Also, one may find that N = 3 is con-
sistent with the strongly-coupled SU(3) gauge theory
by considering the effective string tension relation, σ =
R2/(2παsz
2
0) [30], whose value can be obtained from a
quark antiquark potential energy calculation [31],
√
σ ≃
465 MeV. From this result and Eq. (12), we find that a
string length of the order of ls ∼ √αs ∼ 1/(1010 MeV)−
1/(109 MeV) is corresponded to τ = H∗ and τ = 10H∗,
respectively.
Now, putting the related parameters in Eqs. (1), (2), and
(9), we can identify the generated GW. As seen from FIG.
1, described GWs are detectable by IPTA.
IPTA is a project consisted of European Pulsar Tim-
ing Array (EPTA), Parkes Pulsar Timing Array (PPTA),
and North American Nanohertz Observatory for Gravi-
tational Waves (NANOGrav). They use millisecond pul-
sars to detect passing GW sensitive to the frequency
range 10−10 Hz − 10−7 Hz. (Pulsars are rotating neu-
tron stars which radiate electromagnetic waves and can
signal a passing GW causing a fluctuation in the arrival
time of their pulses.)
The other relevant detector is SKA which is a huge radio
telescope and can detect GWs by using pulsars in the
next decade. However, eLISA [34] space-based interfer-
ometer scheduled in 2034 will not be able to detect these
GWs.
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FIG. 1: The spectrum of GWs from a QCD PT (for N = 3)
along with the sensitivity of three detectors [32] are displayed.
The upper curve is plotted for τ = H∗ and the lower curve
with τ = 10H∗. For IPTA and SKA detectors these GWs
would be detectable while eLISA cannot detect their sig-
nals. The sensitivity of detectors is based on [33] 20 pulsars
with 10−7sec timing precision in 15-year observation time for
IPTA, and 100 pulsars with 3 × 10−8sec timing precision in
20-year observation time for SKA.
B. Soft Wall
In this case, the gravity action is
S = − 1
16πG5
∫
d5x
√
g e−φ
(
R+ 12
R2
)
, (23)
where the dilaton field is denoted as φ = cz2 which in
fact is a smooth cap off. Assuming the dilaton field does
not backreact on the metric, AdS and AdS-BH are solu-
tions of the e.o.m.
Similar to the previous section calculation, one can ac-
quire the free energy density values by using the same
conditions mentioned in the hard wall model
FAdS ≃ 4R
3T
8πG5
∫ β′
0
dt
∫
∞
ε
dz z−5e−cz
2
=
R3
8πG5
(
c2(
3
2
− γ) + 1
ε4
− 2c
ε2
− c2 ln(cε2)− 1
2z4h
)
,
(24)
FBH ≃ 4R
3T
8πG5
∫ pizh
0
dt
∫ zh
ε
dz z−5e−cz
2
=
R3
8πG5
(
c2(
3
2
− γ) + c2Ei(−cz2h) + e−cz
2
h(
c
z2h
− 1
z4h
)
+
1
ε4
− 2c
ε2
− c2 ln(cε2)
)
(25)
where Ei(x) ≡ − ∫∞
−x
dt e−t/t and γ ∼ 0.5. By calculat-
ing ∆F , one finds there exists a PT for cz2h = 0.419 and
thus T∗ = 0.492
√
c. From calculations of the lightest ρ
meson mass in the soft model [17],
√
c = 388 MeV. This
5leads to T∗ = 191 MeV.
Also, we can calculate α from ∆F and by the same ar-
gument in the hard wall model, it is found that for a
string length of the order of ls ∼ √αs ∼ 1/(109 MeV)−
1/(108 MeV), τ = H∗ and τ = 10H∗, respectively. Dif-
ferent values of the soft wall model compared to the hard
wall model stem from different IR cut-off in the hard wall,
z0, and the soft wall, c, actually in φ = cz
2. Therefore,
this leads to different transition temperature, and conse-
quent latent heat. Here, again the QCD PT imprint on
the GWs is traceable by IPTA and SKA detectors, FIG.
2.
In FIG. 3 and 4, the comparison of the GW estimation
in the hard and soft wall models is shown. The spectral
shape of the GWs is differently scaled with respect to
small and large frequencies (Eq. (3)). For τ = H∗, due
to the dominant energy density contribution of bubbles,
envelope approximation, this would be almost 1019f3 and
1018f3 with small frequencies for the hard and soft wall
model, respectively, and for larger frequencies approxi-
mately 10−14f−1 for both models. Also, as a result of
different α, GW spectrum of these two models becomes
more distinctive for small frequencies.
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FIG. 2: For the soft wall model the GW spectrum is plotted,
with the same conditions mentioned in FIG. 1.
In summary, during the evolution of the universe, for
heavy non-dynamical quarks confinement-deconfinement
PT was a first order type with non-zero and zero expec-
tation value of Polyakov loop, as the order parameter,
in the deconfined and confined phase, respectively. We
studied this PT by AdS/QCD approach through GWs
produced by the bubble collision, sound waves and MHD
turbulence.
In the hard and soft wall models of QCD, there ex-
ists a first order Hawking-Page PT corresponded to
the confinement-deconfinement PT. Using this corre-
spondence, we estimated the GW spectrum associated
with these sources during the QCD PT in these models
through numerical simulations.
We assumed that the duration of the PT corresponds
to the BH evaporation time in the five dimensional AdS
space. Hence, τ = H∗, τ
−1 ≃ 10−5 sec, as the scale of
PT duration leads to ls ∼ 1/(1010 MeV)− 1/(109 MeV)
for the string length in the hard and soft wall models,
respectively. We also calculated the latent heat at the
transition and obtained radiated GWs for N = 3 in the
models. The peak frequency of GWs, which IPTA and
SKA will be able to detect their signals as an evidence
for this PT, falls in 10−8 Hz− 10−7 Hz band.
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FIG. 3: Calculation results of hard and soft wall models are
compared for N = 3 and τ = H∗. The upper curve shows the
GW estimated in the hard wall model.
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FIG. 4: The characteristic strain amplitude of the GWs are
plotted for N = 3 and τ = H∗ in the hard and soft wall
models. The upper curve is estimated in hard wall model.
Acknowledgments
We thank M. M. Sheikh-Jabbari for useful comments.
6[1] A. Kosowsky, M. S. Turner and R. Watkins, Phys. Rev.
Lett. 69, 2026 (1992); A. Kosowsky and M. S. Turner,
Phys. Rev. D 47, 4372 (1993);
[2] C. Caprini et al., JCAP 1604, no. 04, 001
(2016) [arXiv:1512.06239 [astro-ph.CO]]; R. Jinno,
K. Nakayama and M. Takimoto, Phys. Rev. D 93 (2016)
[arXiv:1510.02697 [hep-ph]].
[3] V. A. Rubakov, M. V. Sazhin and A. V. Veryaskin, Phys.
Lett. 115B, 189 (1982); B. Allen, Phys. Rev. D 37, 2078
(1988); J. Garcia-Bellido and D. G. Figueroa, Phys. Rev.
Lett. 98, 061302 (2007) [astro-ph/0701014]; A. Ashoori-
oon, B. Fung, R. B. Mann, M. Oltean and M. M. Sheikh-
Jabbari, JCAP 1403, 020 (2014) [arXiv:1312.2284 [hep-
th]].
[4] T. Vachaspati and A. Vilenkin, Phys. Rev. D 31, 3052
(1985); L. Sousa and P. P. Avelino, Phys. Rev. D 94, no.
6, 063529 (2016) [arXiv:1606.05585 [astro-ph.CO]].
[5] E. E. Flanagan and S. A. Hughes, Phys. Rev. D 57, 4566
(1998) [gr-qc/9710129]; T. Matsubayashi, H. Shinkai and
T. Ebisuzaki, Astrophys. J. 614, 864 (2004); W. E. East,
Astrophys. J. 795, no. 2, 135 (2014) [arXiv:1408.1695 [gr-
qc]]; B. P. Abbott et al. [LIGO Scientific and Virgo Col-
laborations], Phys. Rev. Lett. 116, no. 6, 061102 (2016)
[arXiv:1602.03837 [gr-qc]].
[6] O. Philipsen, arXiv:1009.4089 [hep-lat]; P. Petreczky, J.
Phys. G 39, 093002 (2012) [arXiv:1203.5320 [hep-lat]].
[7] T. Bhattacharya et al., Phys. Rev. Lett. 113, no. 8,
082001 (2014) [arXiv:1402.5175 [hep-lat]].
[8] T. Boeckel and J. Schaffner-Bielich, Phys. Rev. Lett.
105, 041301 (2010) Erratum: [Phys. Rev. Lett. 106,
069901 (2011)] [arXiv:0906.4520 [astro-ph.CO]].
[9] D. J. Schwarz and M. Stuke, JCAP 0911, 025 (2009) Er-
ratum: [JCAP 1010, E01 (2010)] [arXiv:0906.3434 [hep-
ph]]; C. Caprini, R. Durrer and X. Siemens, Phys. Rev.
D 82, 063511 (2010) [arXiv:1007.1218 [astro-ph.CO]].
[10] S. Schettler, T. Boeckel and J. Schaffner-Bielich, Phys.
Rev. D 83, 064030 (2011) [arXiv:1010.4857 [astro-
ph.CO]].
[11] S. W. Hawking and D. N. Page, Commun. Math. Phys.
87, 577 (1983).
[12] E. Witten, Adv. Theor. Math. Phys. 2, 505 (1998)
[hep-th/9803131].
[13] S. S. Gubser, Phys. Rev. D 74, 126005 (2006)
[hep-th/0605182]; C. P. Herzog, A. Karch, P. Kovtun,
C. Kozcaz and L. G. Yaffe, JHEP 0607, 013 (2006)
[hep-th/0605158].
[14] J. Polchinski and M. J. Strassler, hep-th/0003136;
A. Karch and E. Katz, JHEP 0206, 043 (2002)
[hep-th/0205236]; T. Sakai and S. Sugimoto, Prog.
Theor. Phys. 113, 843 (2005) [hep-th/0412141]; T. Sakai
and S. Sugimoto, Prog. Theor. Phys. 114, 1083 (2005)
[hep-th/0507073].
[15] J. Polchinski and M. J. Strassler, Phys. Rev. Lett. 88,
031601 (2002) [hep-th/0109174].
[16] J. Erlich, E. Katz, D. T. Son and M. A. Stephanov,
Phys. Rev. Lett. 95, 261602 (2005) [hep-ph/0501128];
L. Da Rold and A. Pomarol, Nucl. Phys. B 721 (2005)
79 [hep-ph/0501218].
[17] A. Karch, E. Katz, D. T. Son and M. A. Stephanov, Phys.
Rev. D 74, 015005 (2006) [hep-ph/0602229].
[18] C. P. Herzog, Phys. Rev. Lett. 98, 091601 (2007)
[hep-th/0608151].
[19] http://www.ipta4gw.org/
[20] https://www.skatelescope.org/
[21] M. Kamionkowski, A. Kosowsky and M. S. Turner, Phys.
Rev. D 49, 2837 (1994) [astro-ph/9310044].
[22] M. Hindmarsh, S. J. Huber, K. Rummukainen and
D. J. Weir, Phys. Rev. Lett. 112, 041301 (2014)
[arXiv:1304.2433 [hep-ph]].
[23] A. Kosowsky, A. Mack and T. Kahniashvili, Phys. Rev.
D 66, 024030 (2002) [astro-ph/0111483]; C. Caprini
and R. Durrer, Phys. Rev. D 74, 063521 (2006)
[astro-ph/0603476].
[24] S. J. Huber and T. Konstandin, JCAP 0809, 022 (2008)
[arXiv:0806.1828 [hep-ph]].
[25] J. R. Espinosa, T. Konstandin, J. M. No and G. Servant,
JCAP 1006, 028 (2010) [arXiv:1004.4187 [hep-ph]].
[26] M. Hindmarsh, S. J. Huber, K. Rummukainen and
D. J. Weir, Phys. Rev. D 92, no. 12, 123009 (2015)
[arXiv:1504.03291 [astro-ph.CO]].
[27] M. Lavelle and D. McMullan, Phys. Rept. 279, 1 (1997)
[hep-ph/9509344]; V. Borka Jovanovic, S. R. Ignjatovic,
D. Borka and P. Jovanovic, Phys. Rev. D 82, 117501
(2010) [arXiv:1011.1749 [hep-ph]].
[28] C. A. Ballon Bayona, H. Boschi-Filho, N. R. F. Braga
and L. A. Pando Zayas, Phys. Rev. D 77, 046002 (2008)
[arXiv:0705.1529 [hep-th]].
[29] D. N. Page, Phys. Rev. D 13, 198 (1976).
[30] H. Boschi-Filho, N. R. F. Braga and C. N. Ferreira, Phys.
Rev. D 73, 106006 (2006) Erratum: [Phys. Rev. D 74,
089903 (2006)] [hep-th/0512295].
[31] M. Cheng et al., Phys. Rev. D 74, 054507 (2006)
[hep-lat/0608013].
[32] C. J. Moore, R. H. Cole and C. P. L. Berry, Class. Quant.
Grav. 32, no. 1, 015014 (2015) [arXiv:1408.0740 [gr-qc]].
[33] http://rhcole.com/apps/GWplotter/
[34] https://www.elisascience.org/
